Abstract -Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) pollen stored at low moisture content experiences imbibition shock when put directly onto culture media. This can be overcome by rehydrating the pollen in 100 % relative humidity prior to culturing. The long-term effect of rehydration on pollen tube growth was investigated. The impact that osmoticants such as sucrose and polyethylene glycol (PEG) have on pollen elongation and tube formation was also studied, using culture media of increasing osmotic potentials obtained with different sucrose/PEG ratios. Rehydration not only improved survival and pollen development on all media but also enhanced pollen tube induction and growth on most of them. Douglas fir pollen produced tubes over a wide range of osmotic potentials (-0.73 
INTRODUCTION
Many conifer pollen readily germinate on semi-solid media containing only Brewbaker and Kwack [5] minerals and 10 % sucrose, but the requirements of Douglas fir pollen are more complex. Pine or spruce pollen produces a tube in vitro in 24 h, but Douglas fir pollen needs more time as it first elongates over a period of about 5 days * Correspondence and reprints E-mail: ndumont@uvic.ca before tube growth can be induced [8] . In nature, spruce pollen also germinates more rapidly, taking less than a week compared to Douglas fir which elongates over a period of at least 5 to 6 weeks before producing a pollen tube [2, 3] . The first study in which high percentages of Douglas fir pollen tubes were obtained in vitro used a two-step method (elongation and quercetin-induced tube induction) on media containing high concentrations of sugar and/or polyethylene glycol (PEG) [8] . Significant numbers of tubes have also been obtained using a onestep method [9] . Douglas fir pollen, particularly after storage, is more difficult to handle in vitro than most other conifer pollen. When Douglas fir pollen grains are first put onto culture media, they experience imbibition shock, which may result in low viability and poor development. To protect the plasma membrane of dry pollen against water stress damage occurring upon rapid rehydration [7] , the pollen grains can be rehydrated in 100 % relative humidity (RH) prior to being put onto media. Charpentier and BonnetMasimbert [6] have shown that such a treatment substantially improved pollen performance during the first step of germination, that is elongation.
In previous studies of Douglas fir pollen, supplemental sucrose and PEG, which are often used as osmotica in tissue culture, have been shown to play important roles in pollen behaviour [24] . The primary role of sucrose is that of a substrate for respiration, but this compound is also an important contributor to the osmotic potentials of media. When sucrose is used in culture media at the high concentrations necessary to protect pollen grains from osmotic shock, it also inhibits pollen tube growth in plants such as Petunia, Nicotiana, Brassica [12, 15, 18, 26] or Pseudotsuga [8] . In pollen of Petunia, Zhang and Croes [26] showed that there is an increase in respiration rate due to the exogenous sucrose but that the extra energy is not used in pollen tube growth. Furthermore, high concentrations of sucrose may damage the membrane and increase its permeability. Zhang and Croes [26] reported that when sucrose was the osmoticum, leakages induced a 0.15 MPa decrease in the osmotic potential of the medium in as little as 3 h. The decrease was lower, only 0.06 MPa, when sucrose was replaced by PEG [26] . It is therefore desirable to totally or partially replace sucrose by another osmoticant, which is both non-penetrating and non-plasmolyzing in character.
PEG is such an osmoticum. It is an inert, non-ionic polymer (HOCH 2 -(CH 2 -O-CH 2 ) x CH 2 OH) which cannot be metabolized in plants [21] . High molecular sizes (e.g. PEG 4000, 6000) do not penetrate the walls of cultured plant cells [10] . PEG controls water uptake and regulates the permeability of the membrane. It also increases germination and stabilizes tube tips and protein-protein interactions in tobacco [15] . Any commercially available PEG is a mixture of short and long polymers, the average of which gives the molecular weight of the preparation. PEG, at various molecular sizes and at various concentrations, has been reported to enhance pollen tube growth and improve the morphology of the tubes in a number of angiosperm species [12, 15, 16, 18, 26] . [13] .
Knowing that 1 osmo kg -1 corresponds to an osmotic potential of about -2.5 MPa, the osmolality curves were used to estimate the respective importance of the media components (sucrose and PEG) as osmoticum. Sugar and PEG concentrations were expressed in percent (w/v).
Culture media
All culture media contained Brewbaker and Kwack [5] When first put onto media, dry pollen grains, having a moisture content < 8 %, were cup-shaped and measured about 72 ± 11 &mu;m in diameter. After 16 h in 100 % RH, the rehydrated pollen had a moisture content of 68 % ± 5.5. The rehydrated grains were round and measured about 100 &mu;m in diameter.
Dry (figure 3a) and rehydrated (figure 3b) pollen were both able to produce elongated grains, but there were differences. Rehydrating the pollen in 100 % RH consistently led to better survival and to a more overall homogeneous population of elongated grains, all belonging to class 1 grains (figure 3b). Conversely, the dry pollen population was heterogeneous and contained all four classes of grains. After [20] showed that, after 5 days, the difference in viability between dry and rehydrated pollen was highly significant (a = 0.01). Tubes grew in the medium as well as on it or vertically in the air. Division of the generative cell occurred on all media with the sole exception of 18/7. Generally, gametes, as detected by light microscopy (not shown), appeared more quickly in rehydrated pollen.
The highest percentage of tubes with a regular morphology were obtained with media 7/18 and 0/25. The shape of the tubes varied between media treatments but not between rehydrated and dry pollen. Depending on the S/PEG ratio, 10 to 50 % of the tubes were branched. Media 10/10, 8/8 and 5/5 had the most deleterious effect on tube shape. On these media, tubes were either fat, heavily branched, club-shaped or short and bulb-like. On 18/7 and 16/0, tubes were either arrested early in the development or abnormal. After 5 days on medium 7/18, tube length varied between 150 &mu;m, 1.5 times the diameter of the pollen grain, and 800 &mu;m (figure 7a). On media favouring long-term survival (e.g. elongation media 7/18, 0/25), tubes measuring up to 3 mm have been seen after 20 days of culture (not shown).
Pollen tubes appeared on grains of varied length, ranging between 250 and 400 &mu;m, with the middle 50 % measuring 301 to 339 &mu;m. On one occasion, on medium 3/20H, a pollen grain did not elongate but still produced a nice-looking tube (figure 7b). Germinating grains were on average shorter at higher concentrations of sucrose (slope = -3.55; t = -2.5; P = 0.02) and at higher concentrations of PEG (slope = -4.99; t = -5.2; P < 0.0001) (not shown). There was also a significant interaction term (t = -3.6; P = 0.002) but no discernible independent effect of hydration or osmotic potential. Taken together, these variables accounted for 82 % of the variation in the length of germinating pollen grains. 4 . DISCUSSION This study provides evidence that both pretreatment in 100 % RH and medium composition strongly influenced pollen response. These include pollen grain survival, elongation and vigour. Short-term effects due to rehydration and to the osmoticum did not appear to be additive: survival and development were directly linked to rehydration. The extent to which the grains elongated was solely affected by the composition of the media.
When directly placed onto culture media, pollen water uptake is extensive, rapid and usually highly damaging to plasma membranes. Crowe et al. [7] showed that the rapid swelling of the grains stresses the lipid by-layers as the phospholipids of the membranes go through a rapid gel/liquid crystalline phase transition. The membranes are damaged in the process and cytoplasm leaching occurs. However, partial rehydration over water vapour has been shown by the same authors to allow the phospholipids to go through phase transition before being exposed to bulk water. Webber and Bonnet-Masimbert [24] showed that, while respiration was not affected by a preconditioning of pollen in 100 % RH, significantly less leaching occurred in rehydrated pollen than in dry pollen. Furthermore, a slow rehydration of the pollen improved pollen grain elongation [24] and promoted ultrastructural changes [6] . In our study, rehydration substantially improved both pollen grain survival and development, independently of media composition. [15] and are known to slow water uptake [23] . In this way, they protect the plasma membrane and may regulate its permeability [15] . It has been suggested by Jacomini et al. [11] [14, 17] . Furthermore, sucrose is known to hydrolyze upon autoclaving [ 19] and over time [22] into glucose and fructose, the latter being detrimental to pollen [8] .
As shown in this study, the effects of sucrose and PEG and their combined influence appear to be very complex as they have drastic, sometimes antagonistic, effects on pollen germination and tube growth. Dumont-BéBoux and von Aderkas [8] reported that, in Douglas fir, high molecular-weight PEG slowed development and diminished the number of tubes while greatly improving tube morphology. Depending on its concentration, sucrose has been reported to interfere with pollen tube growth in both angiosperms and conifer species [4, 8, 12, 15, 18, 26] , resulting in poor tube morphology or in partial or total inhibition of its growth.
In both flowering plants and gymnosperms such as Douglas fir and Scott pine [4] , there are similar media requirements for successful in vitro germination. Pollen tube growth in Douglas fir is enhanced and improved by a slow rehydration prior to culturing. Over a wide range of osmotic potentials, it is the S/PEG ratio of the medium that governs the number of tubes, their rate of appearance and their morphology.
